We showed previously that transcription of a plasmid-borne kan allele increases C-to-T mutations in the nontranscribed strand. Using two new plasmid-borne kan alleles, one cmp allele, and a chromosomal kan allele, we found in this study that transcription-induced mutations are not limited to specific genes, alleles, or locations and are likely to be a general property of transcript elongation in Escherichia coli.
Hydrolytic deamination of cytosines in DNA creates uracils (12) . If they are not repaired, uracils are replaced by thymine after two rounds of replication, resulting in C-to-T mutations. The double-helical structure of DNA provides excellent protection against the deamination reaction, reducing its rate by 140-fold compared to the rate for single-stranded DNA (8, 11) . Based on these observations, we speculated that the nontranscribed (nontemplate) strand may suffer more cytosine deaminations when a gene is being actively transcribed because of the transient single-stranded state of the strand.
To test this idea, we constructed an allele of the kanamycin resistance gene, kan, from Tn5 which reverted by C-to-T mutations in the nontranscribed strand. When this allele, kanS-D94, was introduced into an Escherichia coli strain deficient in excision of uracil from DNA (uracil-DNA glycosylase deficient, genotype ung), it reverted at a higher frequency when it was transcribed from strong promoters. These promoters included the tac promoter (1, 5), a tac-derived promoter in which an UP element from an rRNA gene (9) was inserted upstream of the promoter (UP-tac [4] ), and a bacteriophage T7 promoter (6) . With these plasmid-borne or mini-F-based constructs, induction of transcription of the kan allele increased the frequency of C-to-T mutations up to 10-fold (4, 5) . The absence of Ung in the cells allowed fixation of uracil as thymine through DNA replication, and consequently, the increases in reversion frequency were directly related to increases in cytosine deamination. Using this genetic system, we showed that the frequency of C-to-T mutations increased with increasing levels of isopropyl-␤-D-thiogalactopyranoside (IPTG) in growth media (4) . We also showed that transcription-induced C-to-T mutations (TIM) increased about twofold in a ung ϩ strain (5). Although the results described above support the hypothesis that the nontranscribed strand is more susceptible to C-to-U deamination during transcription, all of the work was done with a single kan allele. It is possible that some special structural feature at the site of the target cytosine, such as a hairpin or a transcriptional pause site, is responsible for the effect observed. Furthermore, much of our previous work on TIM was done with multicopy plasmids, and it could be argued that the transcription elongation complexes for plasmid-borne genes may be different in some way from those for chromosomal genes. We did demonstrate TIM in a mini-F-based genetic system (6) that was almost single copy, but in this case the gene was transcribed by the T7 RNA polymerase. In the present study, we found that TIM can occur at many gene locations, including a gene in the E. coli chromosome.
Construction of new alleles that revert by C-to-T change. The previously described kan allele contains a mutation at codon 94 that reverts by C-to-T change (18) . In this study we used two new plasmid-borne kan alleles that are defective in the ability to confer the kanamycin resistance phenotype on their hosts (phenotype Kan s ) ( Table 1 ). While one of the new alleles also contains sequence changes at codon 94 (pUP41), the other allele contains changes at codon 212 (plasmid pUP51) ( Table 1) . We have shown elsewhere (2, 3) that these alleles, which contain Leu-to-Pro codon changes, revert through a C-to-T transition. These alleles contain the mutable cytosine in different sequence contexts (Table 1 ) and were cloned under the control of the UP-tac promoter. To construct plasmid pUP41, an MscI-NcoI fragment in the pUP31 plasmid was replaced with the corresponding fragment from plasmid pKanS94H. The latter plasmid contains the kanS-H94 allele (3). Similarly, a MscI-BstBI fragment in pUP31 was replaced with the corresponding fragment from plasmid pKanS212D to obtain pUP51. The latter plasmid contains the kanS-D212 allele (2) .
Additionally, we constructed an allele of the chloramphenicol acetyltransferase (CAT) gene that also reverts by a C-to-T change. There is a conserved serine in all CATs (serine 146 in CAT I) that is responsible for transition state stabilization and is essential for catalysis (10) . We introduced a T-to-C mutation in the first position of the serine 146 codon (TCA) in cat in plasmid pRW2042 (15) by unique-site elimination mutagenesis (7), which changed the codon to a proline codon (CCG). The resulting plasmid, pCAT146P, is sensitive to chloramphenicol and contains the cmpS-S146P allele under control of the tac promoter.
Transcription-induced reversion of plasmid-borne antibiotic resistance alleles. The newly constructed plasmids were introduced into an ung strain of E. coli, BH156 (13), by transformation, and several independent colonies for each plasmid were grown in parallel cultures in Luria-Bertani (LB) media.
The effects of transcription on the frequency of acquisition of resistance to the appropriate antibiotic were determined by using previously described procedures (5). Briefly, each culture was diluted and split into two cultures, and these two cultures were then grown for 3 h. For each pair of cultures one of the cultures was grown in the absence of an inducer, and the other was grown in the presence of IPTG (150 M for plasmids with the UP-tac promoter and 1 mM for the tac promoter). Following growth, cells were harvested and plated onto LB medium plates to determine the total number of viable cells and onto LB medium with kanamycin (50 g/ml) or chloramphenicol (40 g/ml) to determine the number of kanamycin-resistant (Kan r ) or chloramphenicol-resistant (Cmp r ) revertants. The revertant frequency was the ratio of the number of Kan r or Cmp r cells to the total number of cells. As Fig. 1 shows, all of the kan alleles reverted at a higher frequency when cells were grown in the presence of the inducer, IPTG. The Kan r revertant frequency in the presence of IPTG was five-to sevenfold greater than the frequency in the uninduced culture and was greater than the increase observed with the weaker tac promoter (fourfold) (5). It should be noted that the UP-tac promoter is a very strong promoter and that concentrations of IPTG higher than 150 M significantly inhibited cell growth (4). Consequently, we were unable to determine the effects of fully induced UP-tac promoter on TIM.
Transcription of the cmp allele also increased the frequency of Cmp r revertants (Fig. 2) . In these experiments the selective plates contained 100 M IPTG in addition to chloramphenicol. This was necessary because the tac promoter has a lower basal level of expression than the UP-tac promoter, and consequently, expression of Cmp r revertants requires partial induction of transcription on plates. Under these conditions, full induction of the tac promoter during growth in liquid cultures resulted in an approximately fourfold increase in the frequency of revertants (Fig. 2) . The increase in mutation frequency was smaller for the cmp allele than for the kan alleles because as noted previously, even upon complete induction the tac promoter does not transcribe as frequently as the UP-tac promoter in the presence of 150 M IPTG (4). These results show that TIM is not dependent on the gene used for the reversion assay or the sequence surrounding the mutable cytosine.
TIM in a chromosomal gene. To demonstrate that TIM can also occur in a chromosomal gene transcribed by the E. coli RNA polymerase, kanS-D94 expressed from the UP-tac promoter and the lacI q gene were cloned into bacteriophage . This was accomplished by releasing these genes from pUP31 as a BstZ17I-StuI fragment and ligating the fragment at the BamHI site of D69 DNA (14) . The DNA ligation mixture was packaged by using Gigapack III Gold packaging extract (Stratagene, La Jolla, Calif.) according to manufacturer's instructions, and the resulting phage plaques were screened with the red plaque test (16) and by PCR. We obtained two classes of recombinant phages containing the kan allele in the two possible orientations with respect to phage promoter P I (-UP71 and -UP81). It is known (17) that in one orientation residual transcription from P I results in a higher basal level of transcription of cloned genes. To maintain low basal transcription levels and background reversion frequency, the construct in which the direction of kanS-D94 transcription was opposite that of promoter P I (UP81) was selected for further work. This phage was lysogenized into the chromosome of BH156 by using helper and selection phages from a DE3 lysogenization kit (Novagen, Madison, Wis.), and the resulting lysogen was used in reversion assays.
In the absence of IPTG, the kanS-D94 lysogen reverted to Kan r at a low frequency (mean, 2.9 ϫ 10 Ϫ8 ; nine cultures). Upon induction of the UP-tac promoter, the mutation frequency increased more than 10-fold (mean, 3.1 ϫ 10 Ϫ7 ). It should be noted that in these experiments the presence of the UP-tac promoter in the chromosome rather than a multicopy plasmid allowed the use of 1 mM IPTG for induction of transcription without affecting cell growth. Presumably, the higher Concluding remarks. We demonstrated in this study that cytosines in four different sequence contexts are more susceptible to deamination when they are present in the nontranscribed strand of an actively transcribed gene. The sequences used were chosen for the convenience of the reversion assay and without regard to their ability to form any secondary structure. Consequently, the target cytosines in these alleles are flanked by different sequences on both sides (Table 1) , and it seems unlikely that all of the sequences adopt some common secondary structure that would cause the cytosines to mutate in a transcription-dependent fashion. Additionally, we found that for one kan allele increases in the number of mutations occurred in response to transcription regardless of whether the gene was present in a multicopy plasmid or in the chromosome. When combined with the finding that TIM also occur in a kan gene transcribed by the T7 RNA polymerase and when the gene is in a mini-F (6), these results show that TIM occur independent of the sequence context of the mutable C, the gene in which the cytosine is present, the replicon that carries the allele, and the RNA polymerase that transcribes the gene. In other words, TIM is likely to be a general property of transcript elongation in E. coli.
